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ABSTRACT

We demonstrate a measurement of lithographic overlay using light scattering ellipsometry. In the limit of
small amplitude surface topography, the polarization of light scattered by the two interfaces of a dielectric
film can be decomposed into the roughness of each interface and the complex degree of phase correlation.
For two identical but offset roughness functions, the degree of phase correlation will show oscillations, whose
frequency in the spatial frequency domain will be given by the overlay distance Ax. The method is tested us-
ing a shallow pseudorandom binary 1-D grating, photolithographically produced on a silicon wafer and again
on a spin-on glass layer deposited onto the wafer.
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1. INTRODUCTION

A recently performed set of measurements demonstrated that light scattering ellipsometry (L SE) can be used to si-
multaneously determine the roughness of two interfaces of a dielectric layer on silicon.? The analysis, using first-order
vector perturbation theory,® assumes that the field scattered by the roughness of each interface is independent of the
other interface roughness and proportional to the Fourier transform of the surface height function. Using an appropriate
incident polarization, one that yields a different polarization state for roughness from each interface, the resulting scat-
tered Stokes vector intensity can be converted to the roughness of each interface and the complex degree of phase cor-
relation between the interfaces. The method is very similar to determining film thickness using specular €llipsometry,
except that, by performing the ellipsometry measurement on the diffusely scattered light, the variations in the thickness,
i.e. roughness, are probed. Another study performed a similar analysis for scattering from roughness and material in-
homogeneity of steel surfaces, yielding information about the phase correlation between the two scattering sources.*

Typically, for a naturally grown film on a substrate, the roughness of both interfaces will be expected to have a
phase correlation coefficient having no imaginary component. That is, there will be no preference for the conformal
roughness to be shifted in one direction or another. However, one can artificialy create a roughness pattern in one in-
terface, deposit a film that planarizes the surface, and then create the same roughness pattern offset by a small distance
Ax. Inthis case, the correlation coefficient will be complex, given by exp(2r7i f Ax), where f is the spatial frequency

determined by the scattering geometry via the Bragg relationship. This manuscript presents the first known attempt to
perform this measurement.

2. THEORY

A full description of the first-order perturbation theory of scattering by the roughness of each of the two interfaces
of adielectric film can be found in Ref. 2. The theory assumes that the roughness amplitude is much smaller than the
optical wavelength and that the interfaces to not interact with each other. The theory extends the work of Elson,® which
traces its roots to the single interface work of Rice® and Barrick®. In this approximation, the Jones matrix for scattering
by each interface is a function only of the optical constants of the substrate and the film, the thickness of the film, the
geometry of the measurement (incident polar angle 8, incident azimutha angle ¢, scattering polar angle &, and scat-
tering azimuthal angle @), the wavelength of the light, A, and the Fourier transform of the surface roughness function.
The surface roughness functions enter into the scattering matrices only as a factor, so that the polarization properties of



the scattering are not a function of the surface roughness function. We can then consider the net Jones scattering matrix
to be

A=A Z +AZ, D

where A, and A, are the scattering matrices (per unit roughness) for the buried and exposed interfaces, respectively,
and Z, and Z, are the Fourier transforms of the surface roughness functions for the buried and exposed interfaces, re-
spectively. The matrices A, and A, depend upon the scattering geometry, the optical properties of the substrate and the
coating, the thickness of the coating, and the wavelength A. When the surfaces are correlated and of equal amplitude,
the scattering matrices from each interface add directly to yield the total scattering matrix. That is

A (0) = (A, +A,)Z,. &)
If the two surfaces are identical aside from an overlay distance Ax, then the total scattering matrix will be
AT(AX) = Abzb + Aeze
=A,Z, +A_Z, exp(—2xif AX) 3
=[A, + A, exp(—2nif AX)]Z,,

where f is the spatial frequency probed by the geometry, determined by the Bragg relationship. For the geometry used
for this experiment, where 8 = @, the spatial frequency is given by

f =2sin(@)snl(@ -@)/2]/A . (4)

A non-zero overlay distance Ax is expected to cause interference fringes between the scattered light from the two sur-
faces. Since the scattering by the two interfaces yield different polarizations, this interference is expected to be mani-
fested as oscillations in the polarization state. The larger the overlay distance, the finer these oscillations will be ob-
served.

A Stokes vector intensity can be decomposed into a partially incoherent sum of any two non-degenerate Jones ma-
trices.? The four Stokes vector elements map onto the scaling factors for each Jones matrix and the complex degree of
phase correlation. For the case given in Eq. (1) above, the phase correlation function C is given by

C=(z,21(1zy|[z.]))- (5)
For the case of the pattern offset by Ax, the phase correlation function is given by
C = exp(—2mrif AX) . (6)

Ref. 2 presents an agorithm for performing the decomposition and determining the phase correlation function C. This
decomposition is valid when only two scattering sources exist, the scattering mechanisms are non-depolarizing, and
there are no interactions or cross-coupling between the scattering sources.

3. EXPERIMENT

3.1. Overlay structure

Figure 1 shows the layout of the mask used to produce the lithographic pattern. The mask contained eight rectan-
gular regions, each containing four sub-regions, each in turn measuring 5 mm by 16.5 mm. In between the regions are
marks for mask alignment. Half of the regions (C, D, E, and F) contain periodic gratings (1.5 um lines with a 15 um
period) and were not used in this study. The other eight regions (A, B, G, and H) contained an identical pattern of pseu-
dorandomly placed lines having widths 1.5 pm, 1.8 um, 2.2 um, and 2.6 um, each extending the entire 5 mm width of
the region. One line of each width was randomly placed within each 81 um, with a minimum distance of 1.5 um be-
tween lines, yielding an average line-to-space ratio of 10 %. Each sub-region thus has a total of 812 lines covering its



16.5 mm length. The pattern was written by electron beam lithography using a 0.1 pm address, and the critical dimen-

sion of 1.5 um was maintained within 0.25 um. The regions were situated on the mask so that if the mask is rotated

180°, the patterns lie on top of themselves, with progressive offsets ranging fromr@3.25um. (The seemingly

odd pattern of offsets was due to an error in the mask design, which the author discovered after the mask was pro-
duced.)

Several steps were necessary to produce a shallow overlay structure on the wafer. Bare wafers were oxidized in dry
O, to produce an approximately 79 nm thermal oxide. Photoresist was applied to the wafers, and they were exposed by
contact to the mask oriented in the “normal” direction. After photoresist development, the wafers were etched in buff-
ered hydrofluoric acid to remove the oxide under the pattern. The photoresist was then removed, and the wafers were
further oxidized, so that the features had a total oxide thickness of approximately 68 nm, while the spaces had a total
oxide thickness of approximately 110 nm. The oxide layer was then etched completely in buffered hydrofluoric acid,
leaving a wafer with topographic features with depth of approximately 37 nm.
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Figure 1: The layout of the mask used to produce the pattern described in this paper. The randomly spaced lines are
replicated in regions A, B, G, and H in the orientations shown. Periodic gratings are found in regions C, D, E, and F.
The offset magnitudes and directions are shown for al sub-regions having non-zero offset. The mask is designed to
be rotated onto itself to generate arange of overlay distances.

The wafers were then spin-coated with a flowable oxide (FoX-14 from Dow Corning’), and given the recommended
treatment to planarize the exposed interface and convert it to oxide. Planarization was incomplete, but sufficient to
observe the pattern and the alignment marks in a mask aligner. The final thickness of the oxide was approximately
250 nm, and its index of refraction was measured to be approximately 1.443. Photoresist was then applied to the wa-
fers, and the wafers were exposed to the mask rotated 180° from the “normal” orientation. Alignment of the mask,
which was complicated by the shallowness of the previously produced features, was performed with an accuracy of
better than 1Qum at the center of the wafer. After photoresist development, the wafers were etched in hydrofluoric
acid to produce features with a depth of approximately 28 nm.

Atomic force microscope (AFM) images were obtained for eight different overlay sub-regions where light scatter-
ing measurements were performed. Figures 2 and 3 show results from the overlay of sub-region H3 onto sub-region A2
(designated H3/A2). Two patterns can be observed: one which is shallower and has more sloping walls, and the other
which is deeper and has steeper walls. The shallower features result from incomplete planarization of the surface,
which allows the buried interface features to replicate partially on the exposed interface. The pattern shown in Figs. 1
and 2 has an offset distance of approximatelyuf2 Figure 3 includes an approximate assignment of the two patterns
to help guide the reader.
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Figure 2. Atomic force microscope image of the exposed interface of part of the test structure in sub-region H3/A2.
The shallower features result from feedthrough of features on the lower interface and are offset by approximately
6.2 um from the deeper features, which exist only on the exposed interface.
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Figure 3. An average line scan (a) across the AFM image shown in Fig. 2. The shallow features are approximately
10 nm deep and have smoothly sloping walls. The deeper features are approximately 28 nm deep and have very
steep walls. The two overlaid patterns, (b) and (c), are shown above the line scan.

3.2. Optical Scattering M easur ements

The Goniometric Optical Scatter Instrument (GOSI), described in detail elsewhere®® was used to perform the
measurements, using A = 532 nm. The instrument measures the Stokes vector intensity of scattered light as a function
of incident direction (parameterized by polar angle 8 and azimuthal angle @), scattering direction (parameterized by
polar angle g and azimuthal angle ¢), and incident polarization state (linear polarization parameterized by angle 7;,
measured with respect to s-polarization). Since the validity of the first-order theory isimproved for large polar incident



and scattering angles, the measurements were carried out with 8§ = -4 = —60°. Since the structures were one-
dimensional, the azimuthal angles were varied such@gha®0°-a and ¢ = 90°+a, where the plane defining = 0°

and ¢ = 0° corresponds to that defined by the surface normal and the grating direction. In order to achieve high pola-
rimetric contrast between the two interfaces, the incident polarization was varied accorgingds® — a. The pa-

rametera was varied from 0° to 85°, so th@gt— ¢ varied from 0° to 170°. In each direction, the Stokes vector inten-

sity of the scattered light was measured. The measurements were carried out for eight of the overlaid sub-regions at
one end of the layout. An entire scan at a single location takes approximately 2.5 h. However, the instrument is not
optimized for speed, and the results presented here could be acquired in a substantially shorter period of time with op-
timized instrumentation.

4. RESULTSAND DISCUSSION

Figure 4 shows the degree of circular polarizatieg, measured as a function of the spatial frequéncps pre-
dicted by the expected interference between the scattering by the buried and exposed interface roughnesses, oscillations
in the polarization state can be observed. The depth of the oscillations is large, with the light varying between nearly
orthogonal polarization states. The period of these polarization oscillations is relatively uniform over the scattering
range, although the amplitude dampens somewhat. While one can measure the frequency of the osclHations of
obtain an overlay distance, changes of the polarization state that are expected to occur even for a perfect overlay, which
result due to the differences in scattering geometry would not be properly taken into account.
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Figure 4. The degree of circular polarization as a function of the spatial frequency measured in the sub-region
H3/A2. The scattering measurement was carried out at the same location as the AFM image and line scan shown in
Figs. 2 and 3.

The full Stokes vectors for all of the data were decomposed into roughness parameters. Figure 5 shows the phase
correlation functiorC resulting from the decomposition of the Stokes vector for the same sub-region shown in Figs. 2—
4. The real and imaginary parts ©fare approximately 90° out of phase with one another and are sinusoidal, so that
the functionC traces out circles in the complex plane. This behavior is exactly that predicted by Eq. (6). The frequency
of oscillations, which can be interpreted as the overlay distance, is approximatglyr6f@9the data shown in Fig. 5.
At high spatial frequency, the amplitude of the oscillations decay and become noisy, which is a result of non-idealities
in the lithography and the mask, poorer polarimetric discrimination at these spatial frequencies, residual interactions
between the two interfaces, and the imperfect treatment of the feedthrough of the buried interface pattern onto the ex-
posed interface.

While we are not carrying out a full analysis of the uncertainties in the measurement, a couple of tests allow us to
assess the possible accuracy of the method. In the first, we compare the overlay distance measurements obtained by
light scattering ellipsometry with those obtained using AFM. Figure 6 shows results from the eight different measure-
ments. The results show data scattered about the straight line defined as perfect agreement. The difference between the



overlay distances measured by AFM and by light scattering ellipsometry has an average of 0.09 um, while the standard
deviation is 0.22 um, suggesting that there are no large systematic errors. We must note that there are uncertainties
associated with the AFM data as well as the light scattering ellipsometry data, which are unknown at this time.
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Figure5. Therea and imaginary parts of the phase correlation coefficient C extracted from the measurement of the
scattered Stokes vector, of which the degree of circular polarization is shown in Fig. 4. The period of the oscillations
of C isapproximately 0.156 um™, corresponding to an overlay distance of approximately 6.39 um.
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Figure 6. The overlay distance, Ax, extracted from the light scattering ellipsometry measurements versus that meas-
ured by atomic force microscopy. The solid lineis abest fit to the data, while the dashed line represents an ideal cor-
relation.



Another test is to check for consistency of the overlay measurements with the notion that the overlay may have a
fixed rotation in addition to a trandation. Figure 7 shows the overlay distance measured by light scattering ellipsome-
try, corrected for the intentional overlay distances shown in Fig. 1, as a function of horizontal position along the wafer.
The non-zero slope of these pointsis believed to be mostly a result from an overlay rotation. Linear-least-square fits to
the points yield slopes of (0.13+0.0fim/mm and (0.10+£0.01um/mm, which corresponds to rotation angles of
0.0075° and 0.0057¢, respectively. That these rotation angles are not the same may be due to inaccuracies in the manu-
facture of the mask. The root-mean-square of the deviation of the points from the linequis.0.881ce we have not
carried out a full analysis of the uncertainties in the measurements, we do not know if the observed deviations represent
the uncertainties inherent in the method. That is, a portion of them may result from uncertainties in the method, while
there may also be distortions on the original mask.

The use of a random grating, rather than a periodic one, was chosen since it allows a continuous measurement of
scatter with angle, enabling the periodicity of the polarization state to be measured and allowing potentially arbitrary
overlay distances. For a periodic surface, the scattering is limited to discrete points, making this analysis more diffi-
cult. In particular, the results are rather insensitive to errors in our knowledge of the full profile of both interfaces and
of the film thickness. This can be seen by the fact that the period in the oscillations observed in the directly measured
P: match those observed in the model-extracted v@lue

Light scattering ellipsometry can also be applied to two-dimensional patterns, enabling two-dimensional overlay
vectors to be determined. However, the decomposition of the Stokes vector into the roughness statistics requires that
only the roughnesses of the two interfaces contribute to the scattering. Two-dimensional random features diffusely
scatter light in all directions, instead of in a plane as is done by one-dimensional features. Any other sources of scatter,
such as patrticles, film defects, or film inhomogeneities can make the decomposition invalid. Nevertheless, the obser-
vation that the overlay distance can be extracted simply from the period of oscillations of the polarization state suggests

that the same analysis may hold, provided all of the sources of scatter yield slowly varying contributions to the polari-
zation.
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Figure 7. The overlay distance Ax measured by light scattering ellipsometry corrected for the intentional overlay
distance Axy. The solid symbols correspond to one row along the wafer, while the open symbols correspond to an-
other row. The pattern sub-regions corresponding to the exposed and buried interface are shown for each point. The

dashed and solid lines represent linear-least-square fits to the respective data points. The abscissa is the distance
from the center of the wafer.

The topography used in this study was chosen to be as shallow as possible in order to allow for use of first-order
vector perturbation theory in the analysis, and deep enough to enable the observation of the features in the mask
aligner. (Further steps could have been taken to enable alignment of both patterns to a much more visible, pre-etched,



alignment pattern.) The analysis, however, relies upon the thin film thickness being uniform, so it is best applied when
the two interfaces are correlated and of similar roughness. To observe clear interference oscillations, however, the
overlay distance must be considerable. For large overlay distances, the average film thickness is relatively constant,
albeit there are many random variations. These variations would be expected to yield increased depolarization. The
polarization oscillations should still exist with the appropriate period.

Ultimately, the method must be extended to deeper topographic features in order for the method to be applied in
production line environments. In this case, the use of first-order theories would be inappropriate. However, it may be
possible to create structures that show each of the two surfaces, without the other, allowing the scatter from each of the
two scattering sources to be isolated. Furthermore, as long as the scatter from each feature is slowly varying in angle
compared to the expected period of oscillations, that period can be obtained. However, the center of the scattering may
not correspond to the center of the features, if the features are not symmetric. Further work is needed to establish the
use of the method for larger topographies.

5. SUMMARY

We present a new method, based upon light scattering ellipsometry, for measuring lithographic overlay. The
method uses a test structure with a shallow one-dimensionally random pattern. Polarization oscillations resulting from
the interference between scattering by topography of one interface with that by topography of the other interface are
predicted, observed, and their periods correlate well with AFM measurements.
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